Introduction
Platinum is a prominent catalyst for a wide variety of chemical reactions [1] [2] [3] in liquid environments. In those environments, the effect of the solvent on the adsorption of reactants, intermediates and products plays a major role in the overall catalytic performance of platinum surfaces [4, 5] . As water is the most frequently used solvent in chemistry, a significant effort has been devoted to water adsorption on Pt(111) surfaces [6] [7] [8] , leading to several models of catalytic reactions in solvated environments that can be quantitatively compared to experiments [7, 9] .
However, in order to model realistic catalytic systems based on nanoparticles with multiple facets, edges and corners, the flat, pristine Pt(111) surface may not provide a comprehensive representation of the entire catalytic system. Defects are known to play a large role in either promoting [10, 11] or hindering [12] (electro)chemical reactions. Moreover, Pt(111) does not always provide the active site for a given catalytic reaction, as, for instance, certain reactions prefer pristine (100) facets [12, 13] . Therefore, it is important to understand how the solvation environment at defects influences the stability of adsorbed intermediates of (electro)catalytic reactions and the associated impact on reactivity. For instance, it is still a matter of debate [14, 15] whether water thermodynamically favors the generation of OH at step edges and why stepped Pt(111) surfaces in acidic media are more active for the oxygen reduction reaction than the Pt(111) itself [16] . Shedding light on these important matters is, however, rather challenging from a computational perspective, in view of the large unit cells needed to describe the surfaces in question and the large number of possible configurations for the adsorbed solvent molecules. This is why, to date, most studies have focused on the treatment of the low-coverage limit of a filled step edge, combined with a clean terrace [17] [18] [19] , with exception of the recent work of Jinnouchi et al. [5] on Pt. Additionally, extended water structures on stepped gold surfaces were studied by Gross et al. [20] . Since in most experiments the coverages are always above the low-coverage limit, high-coverage computational studies are required to close the "coverage gap".
In this study we approach the real catalytic system from the standpoint of regularly stepped surfaces, particularly the Pt(533) surface, which has a 4-atomwide (111) terrace and a (100)-type step (see figure S1 in the electronic supporting information (ESI) [21] ). Our group has previously carried out experimental work on this model surface in ultra high vacuum (UHV) [14] using temperature programmed desorption (TPD) measurements. It was found that at the highest coverage water exhibits a desorption spectrum with three features: At 188 K there is a distinct peak, attributed to water desorbing from the (100) step edge which, with increasing coverage, grows a shoulder at 171 K, assumed to be related to water
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desorbing from a terrace structure. At very high coverages a "multi-layer" peak appears at 146 K, namely the desorption pattern of multiple water layers above the first adsorbed layer. A more recent publication [22] focused on the Pt(755) and Pt(977) surfaces, which have the same step type but an increased terrace width. The wider terraces of these surfaces lead to the presence of a (111)-like desorption peak, which indicates the formation of well-ordered (111)-like water networks. However, on all of the stepped surfaces, the prominence of the steprelated desorption peak is higher than expected based on the ratio between step and terrace atoms. This striking observation suggests that the influence of the step edge on the water adsorption structure extends beyond the immediate vicinity of the step itself and hinders the formation of the (111)-like peak observed on pristine surfaces.
Recently, we carried out Density Functional Theory (DFT) calculations on the adsorption of a single water molecule on Pt(533) [23] that showed good qualitative agreement with the trends in the experimental desorption temperatures. However, we were not able to achieve an explanation for the absence of a fully developed (111)-terrace peak on Pt(533). This is a clear indication of the fact that the complexity of water solvation at stepped surfaces cannot be fully captured without accounting for cooperative water-water interaction. Here, we investigate the effect of higher water coverage near the step edge of Pt(533) to observe trends in the adsorption energy of more complex water structures and will attempt to link these trends to the findings previously obtained by TPD experiments.
Computational Methods
The computations were performed using the ab initio density functional code VASP [24] [25] [26] [27] , the PBE functional [28] and PAW projectors [29, 30] . The PBE functional was chosen in order to obtain reasonable adsorption energies of water, as well as to adequately describe hydrogen bonding among the water molecules [31] . These appropriate features of PBE, combined with the fact that we focus mainly on the trends in adsorption energies, not the absolute values which are important for e.g. wetting behavior, which are described correctly by PBE [17, 32] , ensure that no higher levels of DFT, such as van-der-Waals-corrected functionals, are required for our purposes.
The reciprocal space was sampled with the Monkhorst-Pack scheme [33] using 3x9x1 grids for the Pt(533) surface with two atoms per unit cell along the step edge. Larger unit cells were sampled with correspondingly smaller grids, a full list of which can be found in the ESI. For all calculations first-order MethfesselPaxton smearing [34] with a sigma of 0.2 eV was applied and all energies were Figure S1 in the ESI shows a side view of the Pt(533) surface, which, as described above, consists of a 4-atom-wide (111)-terrace and a (100)-type step. More information about the surface model used can be found in reference [23] . The average Gibbs energies per molecule for the adsorption of a structure of n H 2 O molecules were calculated as follows:
Each individual G was approximated as:
for adsorbed water and
for gas-phase water. The values for S H 2 O,tot are taken from tables for gas-phase species in reference [35] .
All adsorption energies reported below are Gibbs energies, corrected for zeropoint energy (ZPE) and vibrational entropy at 100 K, following the methods described by Loffreda [36] . A reference temperature of 100 K was chosen to facilitate comparison with experimental STM and TPD data. A full set of DFT adsorption energies can also be found in the ESI. It should be noted that the ZPE and entropy do not change significantly between different configurations with the same number of adsorbed molecules.
Results and Discussion
In presenting our results, the coverage of water will be gradually increased to allow for a more detailed understanding of the consequences of the preferred adsorption structures near the step edge at higher coverages.
Low-coverage Limit
It is well known that on platinum surfaces water adsorbs in a configuration with oxygen on-top of a Pt atom and both hydrogen atoms oriented parallel to the surface plane [23, 37, 38] . Increasing the coverage on Pt(111) leads to interconnected structures, forming (
superstructures, depending on environmental conditions, such as the total coverage of water. On the stepped Pt(533) surface, H 2 O still prefers to adsorb flat on-top of the Pt atoms with a noticeably increased adsorption energy [17] [18] [19] 23] on the Pt step-edge atoms as compared to the terrace atoms. Figure 3 .1a shows one of the possible orientations of water on the step edge of Pt(533). Rotation around the oxygen has a low energy cost, as long as both hydrogen atoms are still oriented parallel to the terrace plane.
One-Dimensional Chains Along the Step Edge
As reported in earlier publications [17] [18] [19] water will form 1-D chain networks on the step edge of Pt(533) and other stepped surfaces due to the higher adsorption energy on the step edge. It is generally accepted that water will assume a "zigzag" configuration with one water molecule oriented towards the lower terrace and the other one pointing towards the upper terrace, as illustrated in figure 3.1b. It should be noted that both water molecules are not oriented parallel to the terrace plane of the stepped surface, but are slightly tilted. Alternatively, a configuration with all free hydrogen atoms pointing in one direction, as shown in figure 3.1c, was observed, but found to be energetically less favorable by 0.03 eV per H 2 O molecule.
Increasing the coverage by adding another water molecule to the upper step edge, as shown in figure 3 .2a, or the lower edge, as shown in figure 3 .2b, yields a slight improvement of the mean adsorption energy. Since the water next to the step edge always binds in an H-down configuration, which has an unfavorable adsorption energy on the terrace, this would suggest that the hydrogen bond to the step-edge water molecules is significantly stronger than those on the flat Pt(111) terrace. Additionally, we will argue below that this water molecule interacts with the step dipole, enhancing the stability of this adsorption structure. Furthermore, it was observed that the line structure converts back to the zig-zag configuration, after the addition of the water molecule adjacent to the step edge.
Isolated Ring Structures on the Step Edge
The next logical step for increasing the coverage is to assume that water will form closed ring structures, since this will maximize the number of hydrogen bonds per water molecule in the structure. We tested adsorption structures for ring sizes from 4 (tetragon) to 7 (heptagon) to understand the influence of the ring size on the mean adsorption energy. Smaller rings with 3 molecules are not stable due to the large distortion of the hydrogen-bonding angle needed to form a triangle. Structures larger than the heptagon have not been considered due to the limitation in terrace width imposed by the Pt(533) surface. Such a situation would lead to a significant interaction of the structure with the next step edge, resulting in the rupture of the polygons into smaller parts located on both the upper and the lower step edge. In the following we will only discuss the most favorable structures, which are the isolated pentagon (see figure 3.3b) and the isolated hexagon (see figure  3 .3c). The term isolated in this case refers to a water framework in which the 
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polygons do not share adjacent edges. Adsorption energies for the most favorable configurations of the other two ring-sizes (tetragon and heptagon) can be found in figures 3.3a and 3.3d. The pentagonal structure prefers adsorbing on the lower step edge as can be seen from the adsorption energy of -0.440 eV in figure 3 .3b compared to -0.384 eV in figure 3 .3f. The most stable configuration (Figure 3.3b) shows a peculiar structure that breaks the zig-zag arrangement on the step edge completely and replaces it with a hydrogen bonding chain that points down the step edge twice. Given the relatively high stability of the most favorable pentagonal structure on the upper step edge, we conclude that the pentagon itself is quite stable on the (100) step edge, although it is not easily incorporated into the favorable 1-D zig-zag arrangement on the step edge, shown in figure 3 .1b.
The next larger ring structure is the hexagon. Again, we find the extension of the water structure to the lower step edge to be more stable with an adsorption energy of -0.422 eV per H 2 O molecule leading to a structure with an H 2 O molecule that symmetrically accepts two hydrogen bonds, as shown in figure 3.3c. The two sides of the predicted hexagonal structure fit readily into the favorable zig-zag configuration along the step edge that was discussed earlier.
In summary, pentagonal and hexagonal structures adjacent to the step edge are the most favorable isolated ring structures. Furthermore, we observe enhanced binding for adsorption on the lower step edge for pentagons and hexagons compared to the upper step edge configuration. On the other hand, tetragons (see figures 3.3a and 3.3e) and heptagons (see figures 3.3d and 3.3h) show similar energies for both the lower and upper terrace configuration.
Fully-Covered Step Edge
In this section we will discuss our findings on fully covered steps, namely configurations that consist of a 1-D chain and a fully covered lower or upper step edge. It should be clear that the structures presented in the previous section do not directly translate to this higher coverage regime. This is mainly because the most stable low-coverage regime structures cannot be repeated so as to generate fully covered step edges (see figure 3.3) . In this section we will only discuss the most favorable adsorption structures, while a full list of all performed calculations can be found in the ESI. Figure 3 .4 shows the most favorable adsorption structures for the studied coverage. We found that there are several different ring sizes with nearly identical binding energies, all extending towards the lower step edge:
• The 4-4-4 structure with an adsorption energy of -0.392 eV consisting of a periodic arrangement of tetragons (see figure 3 .4a). • The 6-4-4 structure with an adsorption energy of -0.400 eV consisting of a hexagon and two tetragons (see figure 3 .4b).
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• The 6-5-4 structure with an adsorption energy of -0.400 eV which consists of a hexagon followed by a pentagon and a tetragon (see figure 3 .4c).
• The 6-6-5 structure shows an adsorption energy with -0.397 eV and consists of two hexagons followed by a pentagon (see figure 3 .4d).
• The 7-4 structure, which consists of a heptagon followed by a tetragon, and shows an adsorption energy of -0.398 eV (see figure 3 .4e).
• The 6-5 structure, which consists of a hexagon followed by a pentagon, and shows an adsorption energy of -0.393 eV (see figure 3 .4f).
The fact that adsorption geometries extending towards the lower terrace are more favorable, as observed for the structures in figure 3 .3, is also found for these extended structures and is in accordance to the experimental STM findings of Morgenstern et al. [42] . They found that water on defective Pt(111) surfaces prefers to form clusters located at the bottom of (100) step edges. PLATINUM SURFACES The differences in the adsorption energies of all the structures in figure 3 .4 are within the intrinsic error associated with the calculated adsorption energies at the DFT-GGA level. This means that we cannot make a clear distinction as to which of these structures, if any, is the most stable. It should be noted that the presence of all observed structures is to be expected in a real system to varying degrees, due to configurational entropy, which is not included in our estimation of the free energies.
The most favorable structures observed for isolated adsorption, namely the hexagon and the pentagon, are not found to be most stable in the high-coverage regime, for two different reasons. Firstly, the most favorable hexagonal structure in the low-coverage regime, as can be seen in figure 3 .3c, does not lead to a framework of polygons with adjacent edges, covering the entire step edge. This structure showed a significantly increased adsorption energy compared to those alternatives that were able to fully cover the edge, which makes a full coverage of hexagons energetically less favorable than other possibilities. On the other hand, the pentagon (see figure 3 .3b) occupies significantly more space along the lower step edge than along the upper edge, so it experiences compressive strain when forming a structure that is fully occupying the step edge. This compressive strain adversely affects the stability of the entire water framework, making it bind weaker compared to other structures.
We observe that the water molecules adjacent to the step edge prefer to bind in an H-down orientation, as can be seen in figure 3.5a. A similar tendency was observed on the stepped gold surfaces studied by Gross et al [20] , however this tendency was not absolute, as upper step edge water could still point H-up, in contrast to our findings here. We ascribe this tendency to the Smoluchowski effect at the step edge [43] . This effect consists of a lack of charge at the top of step edges, which is compensated by an excess charge at the bottom of the step edge. This leads to the generation of a net dipole moment. The component perpendicular to the terrace of this dipole moment interacts favorably with the natural dipole moment of the water molecules that are oriented in an H-down configuration. This situation is illustrated in figure 3 .5b, in which we represent the vectors of the dipole moments with the tips pointing from negative to positive charges.
The adsorption height of the step-edge water molecules (for example we observe Pt-O distances of 2.01-2.39Å for the zig-zag part of the 6-5-4 structure in figure 3 .4c) is found to be slightly shorter than the ones encountered for water monomer adsorption on Pt(111) where a Pt-O distance of 2.46Å for a single water molecule sitting on-top on Pt(111) was found. Note that this is in agreement with the trends in adsorption energies. The height of the adsorbates bordering the lower step edge, with a Pt-O distance of 3.23-3.49Å for the 6-5-4, are comparable Figure 3 .5: a) Illustration of the adsorption heights above the terrace. The surface plane, indicated in solid yellow, and a parallel to the surface plane, indicated in dashed black, are added to guide the eye. b) Schematics of the interaction of water adsorbed near a step edge, with the dipole moment projected perpendicular to the terrace µ step according to the Smoluchowski effect. This effect describes the red electron density line that is following from the sharp drop in atomic potential, indicated in black, with the predicted charge separation marked "+" and "-" in red.
to the adsorption heights measured for the √ 3 × √ 3 adsorption layer on Pt(111), which shows Pt-O distances of 3.24-3.50Å.
For larger structures that extend further onto the terrace we observe that the oxygen atoms of the terrace water molecules arrange themselves almost perfectly along the surface plane of the stepped surface, as can be seen in figure 3 .5a, where the solid yellow line corresponding to the surface plane is parallel to the dashed black line, on which most of the adsorbates lie. This suggests that the water bilayer in contact with the Pt(533) surface aligns itself as a flat "carpet" regardless of the presence of the (100) defect.
1-D Water Structures at Surface Defects and Implications for Water Networks at Terraces
When small amounts of water are dosed onto a stepped platinum surface, the preferred binding site is the on-top site at the step edge [17] [18] [19] 23] , rather than the (111)-like terraces. This preference is due to the decreased coordination number of the step-edge Pt atom [38] . The low diffusion barrier for water on flat Pt(111) surfaces [44] , combined with this enhanced binding energy at the step edge, leads to a marked tendency to form dimers and larger structures on the step edges. Intuitively, the water chain on the step edge can be viewed as an extended onedimensional defect when comparing it to the regular hexagonal arrangement of water on the (111) terrace. However, we find that the step edge water framework is actually the nucleation point for further water adsorption on terraces. This means that the actual influence area of the step edge extends to at least one or two rows of platinum atoms onto the terrace (see figure 3.5a ). The effect that the step edge will have on the adsorption geometry is expected to diminish with the distance from the step edge. Hence, the adsorption characteristics of water on a stepped surface with a rather "short" terrace will be dominated by the influence area of the step edge. This explains the absence of a fully developed (111)-like desorption feature observed in TPD experiments for the Pt(533) surface and the appearance of such a peak on the larger Pt(755) and (977) surfaces [22] . This explanation cannot be drawn from a single-molecule or even low-coverage adsorption approach.
It is worth noting that the term "short terrace" depends strongly on the adsorbate in question, its coverage, the step-edge geometry and of course the substrate. For instance, for hydrogen adsorption the Pt(533) surface can be considered to have a "wide" terrace with clear Pt(111)-like features, while for water adsorption the (111) features are absent [22, 45] . Our results indicate that these differences arise due to the existence of long-range cooperative effects in water structures extending beyond the step edge. PLATINUM SURFACES
Conclusions
In this study we have performed DFT calculations on the adsorption geometries and energetics of water on and near the step edge of the Pt(533) surface. The coverages that were studied were increased beyond the one-dimensional chain that was previously discussed in the literature. The first stage, beyond the 1-D chain studied before, was the appearance of isolated water ring structures at the step edges. It was found that the (100) step edge prefers to form isolated hexagonal or pentagonal rings in this case. Furthermore, it was observed that the isolated rings preferentially form in the direction towards the lower terrace on the stepped surface. Additionally, water molecules that are not bound to the step edge prefer to adsorb in an H-down configuration.
At higher coverage a full arrangement of periodically ringed structures is formed along the step edge. Multiple structures with similar energies are possible at this coverage. Besides, the observation regarding H-down adsorption and the preference to adsorb towards the lower terrace was also made at these coverages. Our results suggest that the formation of water frameworks on Pt(533) will start at step edges, and extend towards the lower terrace, adjacent to the step edge, in accordance with the observations by Morgenstern et al [42] .
Furthermore, the observed structures tend to occupy a large portion of the terrace, as for example the 7-4 structure in figure 3 .4e, from which we conclude that the area in which the step edge influences the adsorption geometry extends beyond its immediate vicinity, due to long-range cooperative water-water interactions. This explains the absence of a (111)-like peak in the recorded TPD spectrum of the Pt(533) surface, and suggests a lack of ordered hexagonal water adsorption structures on the terrace of Pt(533). In contrast, stepped surfaces with larger terraces and the same kind of step, such as the Pt(755) and Pt(977) surfaces, allow for an area of hexagonal adsorption structures on them, leading to a (111)-like desorption peak, as observed in TPD [22] . Still, this (111)-like desorption feature is smaller than expected based on the width of the terraces, and we can now ascribe this to the formation of more extended ring-like structures on and near the step edge.
While for (111) surfaces approaches exist to estimate the influence of solvation on adsorption energies [9] by making use of hexagonal water frameworks, very little is known about higher coverage solvation effects at step edges. The periodic structures reported here provide an accurate starting point for such studies. This will ultimately lead to a comprehensive treatment of solvation in aqueous environments that will contribute to a more realistic representation of catalytic processes at electrified solid-liquid interfaces. 
